First principles calculations of rutile-type TiO 2 :S have been performed to investigate the effect of sulfur solutes on the electronic structure. Plane-wave pseudopotentials method has been employed and atomic relaxations were fully taken into account. All possible geometric configurations for sulfur solutes within a 12-atoms supercell have been examined changing sulfur concentration of x ¼ 0, 0.25, 0.5, 0.75 and 1. Theoretical direct band gap is found to decrease as sulfur concentration is increased. The dependence on the sulfur concentration is weaker than that was predicted in literature. Both the optimization of solute configuration and atomic relaxation are found to be essential for quantitative evaluation of the electronic structures in the alloy.
Introduction
Photocatalytic materials based on titanium dioxides (TiO 2 ) are technologically very important. However, undoped TiO 2 is active only under ultraviolet light. In order to utilize them under solar irradiation, we have to search a good dopant which enables narrowing of the band gap toward the visible light region. Many works have been devoted for the purpose. Doping of N has been demonstrated to shift the optical absorption edge to the visible light region. 1, 2) F-doping can also be used to decrease the band gap. [3] [4] [5] Recently, Umebayashi and coworkers found that S-doping is another good candidate for visible-light photocatalytic materials. [6] [7] [8] In the present authors' group, photocatalytic TiO 2 :S thin films were prepared by the pulsed laser deposition technique followed by the sulfurization of the film in H 2 S or CS 2 .
9) The photocatalytic property of the film was found to be improved by the sulfurization.
These experimental works suggest narrowing of the band gap due to the substitution of O in TiO 2 by S. Umebayashi et al. 8) made a first principles calculation to examine the effect of S on the electronic structure of TiO 2 . They used the full potential linearized augmented plane wave method (FLAPW) within a generalized gradient approximation (GGA) and a 12 atoms-supercell. They found that the band gap of undoped TiO 2 was 1.91 eV, whereas that of TiO 7=4 S 1=4 was 1.31 eV. However, they did not examine dependence on solute concentration. Energetics of solutes has not been examined, either. In the present study, we have employed a different first principles method from that of Ref. 8 ) and examined the dependence on solute concentration. When multiple solutes are present in a supercell, geometrical configuration of solute atoms may not be negligible. We have examined all possible solute configurations in the present study using a 12 atoms-supercell.
Computational Procedure
First principles calculations were performed within the density functional theory (DFT) using the plane-wave pseudopotential method.
10) The effective exchange-correlation functional of GGA-type by Perdew et al., 11) and Vanderbilt-type ultrasoft pseudopotentials 12) were employed. A Monkhorst-Pack k-point grid 13 ) with a resolution of 0.5 nm À1 was used for all structures. All calculations were performed using the CASTEP code. 10) At first, a supercell consisting of 12 atoms with a rutile type of pure TiO 2 was calculated, which was expanded twice as large as the unit cell along the c direction. Geometrical structure of the rutile type is shown in Fig. 1(a) . In order to investigate the change in the band gap depending on the sulfur concentration, 2, 4, 6 and 8 oxygen ions were replaced by the sulfur ions in the above supercell. Those chemical formulae were TiO 3=2 S 1=2 , TiOS, TiO 1=2 S 3=2 and TiS 2 , respectively. For these sulfur doped models, we examined all possible independent configurations, i.e., 7, 15, 7 and 1 configurations, respectively, changing the positions of the doped sulfur ions to know the most favorable solute configurations. Cell parameters, angles between a, b and c axes and internal positions of the ions in the cells were allowed to be relaxed in all models here examined. For the references, the unit cell of the layered structured TiS 2 and TiO 2 were also calculated with the space group of P " 3 3m1, whose geometrical structure is shown in Fig. 1(b) , because layered structure is more preferable than the rutile type for TiS 2 .
Results and Discussion
The optimized lattice constants of the rutile structured TiO 2 , a and c, are 0.4639 and 0.2963 nm, respectively, while those of the layered structured TiS 2 are 0.3418 and 0.5810 nm, respectively. These calculated lattice constants showed good agreements with the experimental values with errors of þ1:0% and þ0:1% for TiO 2 and þ0:6% and þ2:0% for TiS 2 , respectively. Figure 2 shows the formation energy of the sulfur doped TiO 2 , ÁEðxÞ, expressed by
as a function of the sulfur concentration, x. Here E TiO 2ð1ÀxÞ S 2x , E TiS 2 (layered) and E TiO 2 (rutile) are the total electronic energies of the sulfur doped TiO 2 with a sulfur concentration of x, the layered structured TiS 2 and the rutile structured TiO 2 , respectively. As shown in this figure, the formation energy increases as increment of sulfur concentration. It can be noted that the scattering in energy difference among models with the same sulfur concentration but different solute configurations is very large. Namely, the energy differences between the lowest and highest energy are 0.11, 0.15 and 0.08 eV/atom at x ¼ 0:25, 0.5 and 0.75, respectively. This means the total electronic energy is very sensitive to a change in the geometric configurations of the substituted sulfur ions in TiO 2 when multiple sulfur ions are incorporated. Figure 3 shows the calculated direct band gaps for the models with the most favorable ones at all sulfur concentrations examined in this work. The calculated pure TiO 2 has a direct band gap between À points of 1.90 eV, which is much lower than the experimental one, 3.0 eV. 14) This lower estimation of the band gap is derived from the formalism of the DFT method. However, present theoretical band gap agrees well with the earlier FLAPW result (1.91 eV).
8) The direct band gap decreases as increment of the sulfur concentration as shown in this figure. Note that the direct band gap does not change linearly, but it gradually decreases at lower sulfur concentration and goes down steeply after x ¼ 0:5 and finally changes gradually again at higher sulfur concentration. Both of the rutile and layered structured TiS 2 have metallic electronic structures without the band gap. Recent FLAPW calculations 8) were carried out only for the concentrations of 0.125, i.e., TiO 7=4 S 1=4 , which showed the band gap narrowing from the one for pure TiO 2 , 1.91 eV, to 1.39 eV. However, our calculated band gap, 1.52 eV, at x ¼ 0:25 is much larger than their result, 8) although our model has Fig. 3 Calculated direct band gaps of the most preferable models at given sulfur concentrations. Open circle and cross symbols denote the calculated band gaps by the present authors and Umebayashi et al., 8) respectively. Open triangle at x ¼ 0:25 is that for the model without geometry optimization.
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T. Yamamoto, F. Yamashita, I. Tanaka, E. Matsubara and A. Muramatsu twice as much sulfur concentration as their model. In their calculation, geometry optimization was not performed, despite the large difference in the ionic radii of oxygen and sulfur ions. The present geometry optimization clearly shows that atomic arrangement changes sensibly due to the sulfur doping. Calculated volumes of the supercells for the energetically favorable models are shown in Fig. 4 . As shown in this figure, volume increases almost linearly as the increment of sulfur concentration. This is quite natural since the ionic radius of 6-fold coordinated S is larger than that of O by þ31%. 15) We then carried out extra calculation without any geometry optimizations as those in Ref. 8) , in order to evaluate the effect of geometry change on the electronic structure. In this calculation, the most preferable configuration at x ¼ 0:25 was chosen. The lattice constants and atomic positions were fixed at the ones for the pure TiO 2 as theoretically optimized. Resultant direct band gap was 0.90 eV, which was much smaller than that by taking the geometry change into account (1.52 eV). The calculated band gap without geometry optimization and those by Umebayashi et al. 8) are plotted together in Fig. 3 . As shown in this figure, our result for x ¼ 0:25 without geometry optimization is almost on the extrapolation of the results by Umebayashi et al. 8) These results well demonstrate that the geometry optimization is mandatory, when we quantitatively discuss the change in electronic structure due to the sulfur dopants in TiO 2 .
The electronic density of states of the most favorable models is shown in Fig. 5 . Projected density of states for O-p, S-p and Ti-d are superimposed on the figure. The major parts of these components should be O-2p, S-3p and Ti-3d, respectively. When dopant level is low as in x ¼ 0:5, S-3p band is localized near the top of the valence band. This should be the primary reason for the narrowing of the band gap. With the increase of the sulfur concentration, however, S-3p and O-2p starts to mix up. Eventually, the localization of the S-3p states became less obvious. It is also interesting that the width of the valence band increases as increment of the sulfur concentration. This could be due to stronger covalency between cations and anions for Ti-S than Ti-O bonds.
In summary, a series of first principles DFT calculations have been carried out to investigate the change in electronic structure of rutile-type TiO 2 :S. Effects of geometric configurations of solutes and atomic relaxations were examined as well. Formation energy of solutes can be minimized by selection of the most favorable solute configuration by 0.15 eV/atom at most. Electronic structure as represented by the direct band gap changes notably by taking account the atomic relaxation around solutes. These results are analogous to those found in -SiAlON solid solutions. 16) It seems that there is a general trend that both solute configuration and atomic relaxation play essential roles in determining electronic structure and energectics of compound alloys.
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